Off-pump coronary artery bypass surgery (OPCAB) has been hypothesised to be beneficial in the high-risk patient population undergoing re-operative coronary artery bypass graft surgery (CABG). In addition, this technique has been demonstrated to provide subtle benefits in end-organ function including heart, lungs and kidney. The aims of this study were to assess whether OPCAB is associated with a lower incidence of major adverse cardiovascular and cerebrovascular events (MACCE) and other adverse outcomes in re-operative coronary surgery. Twelve studies, incorporating 3471 patients were identified by systematic literature review. These were meta-analysed using random-effects modelling. Primary endpoints were MACCE and other adverse outcomes including myocardial infarction, stroke, renal dysfunction, low cardiac output state, respiratory failure and atrial fibrillation. A significantly lower incidence of myocardial infarction, stroke, renal dysfunction, low cardiac output state, respiratory failure and atrial fibrillation was observed with OPCAB (OR 0.58; 95% CI (confidence interval) [0.39-0.87]; OR 0.37; 95% CI [0.17-0.79]; OR 0.39; 95% CI [0.24-0.63]; OR 0.14; 95% CI [0.04-0.56]; OR 0.36; 95% CI [0.24-0.54]; OR 0.41; 95% CI [0.22-0.77] respectively). Sub-group analysis using sample size, matching score and quality score was consistent with and reflected these significant findings. Off-pump coronary artery bypass grafting reduces peri-operative and short-term major adverse outcomes in patients undergoing re-operative surgery. Consequently we conclude that OPCAB provides superior organ protection and a safer outcome profile in re-operative CABG.
Introduction
The outcome profile of off-pump coronary artery bypass surgery (OPCAB) has received much attention and analysis. Whilst recent randomised trials have popularly failed to demonstrate the beneficial effects of OPCAB in comparison to on-pump coronary artery surgery (ONCAB) with regards to mortality and major adverse cardiovascular and cerebrovascular events (MACCE), subtle benefits in end-organ function have been observed [1, 2] . However, the scepticism surrounding the external validity of these trials, regarding selective patient enrolment and individual surgeon's OPCAB experience still remains [3] , and has heralded the need for closer analysis of registry data, providing a closer 'reallife' representation of the population [4, 5] .
Off-pump coronary artery bypass surgery has been demonstrated to reduce early mortality in re-operative coronary artery bypass surgery (CABG) [6] . The aim of this study is to address the question of whether OPCAB is associated with a lower incidence of MACCE and other adverse outcomes in re-operative coronary surgery.
in re-operative patients undergoing OPCAB versus ONCAB were included ( Table 1) .
Outcomes of interest
Primary outcomes of interest in the OPCAB and ONCAB groups were peri-operative and short-term (30-day) MACCE and other adverse outcomes including myocardial infarction, stroke, renal dysfunction, low cardiac output state, respiratory failure and atrial fibrillation.
Analysis
Meta-analysis was performed in line with recommendations from PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) and MOOSE (Meta-Analysis of Observational Studies in Epidemiology) [7, 8] . A random-effects model was used to analyse the data and the odds ratio (OR) was used as the summary statistic for binary data. Studies reporting zero events for both OPCAB and ONCAB groups were excluded from the meta-analysis.
Quantitative assessment of data validity and heterogeneity was performed using subgroup analysis for: (1) Studies with a large sample size (≥50) in each cohort, (2) Studies with a high degree of matching between OPCAB and ONCAB groups (matching score ≥ 8), and (3) Studies with a quality score ≥ 8.
Quality assessment
The studies were assessed in two ways: (1) using a matching criteria score, and (2) using a quality assessment score based on a modified Newcastle-Ottawa scale ( Table 2 ) [9] . The matching score was calculated for each study by attributing one point for each preoperative characteristic for which no statistically significant difference between the OPCAB and ONCAB groups was observed ( Table 3 ). The maximum matching score was 37 and the median score was 8. Studies with a score equal to or greater than 8 points were considered as highly-matched studies and were subgroup analysed. The modified Newcastle-Ottawa quality score was calculated for each study using the subgroup criteria of 'selection' , 'comparability' and 'outcome assessment' , and attributing stars to each study for these criteria ( Table 4 ). The maximum quality assessment score was 15 and the median score was 8. Studies achieving a score equal to or greater than 8 points were considered as high-quality and were subgroup analysed.
Results
Twelve studies were identified by systematic search to fulfil the inclusion criteria ( Figure 1 ) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These studies included 3,471 patients, 1,286 of whom underwent OPCAB and 2,185 underwent ONCAB. All studies used standard cardiopulmonary bypass (CPB) circuits without the use of minimised systems. There were several variations in myocardial arrest and cardioplegia strategy within the ONCAB group. Of the 12 studies, five used cold blood cardioplegia [12, [14] [15] [16] 21] , one used cold crystalloid [10] , 2 used a combination of cold blood and cold crystalloid [11, 20] and one study used a combination of cold blood, warm blood and hypothermic ventricular fibrillation [19] . The majority of studies (5/9) administered a combination of antegrade and retrograde cardioplegia [11, 14, 16, 17, 21] . Two studies used only an antegrade approach [19, 20] and the remainder did not specify their technique.
Primary outcomes Myocardial infarction
The incidence of acute myocardial infarction was 3.03% in the OPCAB group and 4.94% in the ONCAB group, as reported by all studies. This reduction with OPCAB was statistically significant using a random effects model (OR 0.58; 95% CI (confidence interval) 0.39-0.87) ( Figure 2 ). No significant heterogeneity was found between the studies.
Stroke
The incidence of stroke was 0.47% in the OPCAB group and 2.38% in the ONCAB group, as reported by all studies. This reduction with OPCAB was statistically significant using the random effects model (OR 0.37; 95% CI 0.17-0.79) ( Figure 3 ), without significant heterogeneity between the studies.
Renal failure
The incidence of acute renal failure with or without the need for renal replacement therapy was 1.56% in the OPCAB group and 5.22% in the ONCAB group, as reported by ten studies [11, [13] [14] [15] [16] [17] [18] [19] [20] [21] . This reduction with OPCAB was statistically significant using the random effects model (OR 0.39; 95% CI 0.24-0.63) ( Figure 4 ), without significant heterogeneity between the studies.
Low cardiac output state
The incidence of the use of peri-or post-operative intraaortic balloon pump (IABP) secondary to a low cardiac output state was 0.31% in the OPCAB group and 3.62% in the ONCAB group, as reported by five studies [11, 14, [19] [20] [21] . This reduction with OPCAB was statistically significant using the random effects model (OR 0.14; 95% CI 0.04-0.56) ( Figure 5 ), without significant heterogeneity between the studies.
Respiratory failure
The incidence of acute respiratory failure or acute respiratory distress syndrome (ARDS) was 3.03% in the OPCAB group and 4.81% in the ONCAB group, as OPCABoff-pump coronary artery bypass; ONCABon-pump coronary artery bypass; MImyocardial infarction; CHFcongestive heart failure (Ejection Fraction <40%); NYHA -New York Heart Association; CVAcerebrovascular accident; TIAtransient ischaemic attack; COPDchronic obstructive pulmonary disease; NSnot stated; (a)statistical significance.
reported by six studies [11, 13, 14, 16, 19, 20] . This reduction with OPCAB was statistically significant using the random effects model (OR 0.36; 95% CI 0.24-0.54) ( Figure 6 ), without significant heterogeneity between the studies.
A trial fibrillation
The incidence of post-operative atrial fibrillation was 5.05% in the OPCAB group and 13.8% in the ONCAB group, as reported by seven studies [10, 12, 14, 16, 17, 20, 21] . This reduction with OPCAB was statistically significant using the random effects model (OR 0.41; 95% CI 0.22-0.77) ( Figure 7 ), without significant heterogeneity between the studies.
Subgroup analysis Sample size
Seven studies had a large sample size (≥50) in each cohort and were in this subgroup analysis [10, 11, 13, 14, 16, 17, 19] .
Myocardial infarction was again significantly lower in the OPCAB compared to the ONCAB group (2.99% vs. 4.28%; OR 0.63; 95% CI 0.41-0.99). Incidence of stroke was again significantly lower with OPCAB (0.36% vs. 2.56% ONCAB; OR 0.28; 95% CI 0.11-0.69). Similarly, the incidence of renal failure was again significantly lower with OPCAB (1.36% vs. 5.51% ONCAB; OR 0.35; 95% CI 0.20-0.60). Four studies [11, 14, 16, 19] reported a significantly reduced incidence of low cardiac output states with OPCAB (0.27% vs. 3.78% ONCAB; OR 0.11; 95% CI 0.01-0.87). Five studies [11, 13, 14, 16, 19] reported a significantly reduced incidence of respiratory failure/ ARDS with OPCAB (3.45% vs. 5.73% ONCAB; OR 0.35; 95% CI 0.23-0.52). Four studies [10, 14, 16, 17] reported a reduced incidence of atrial fibrillation with OPCAB (4.35% vs. 12.24% ONCAB; OR 0.51; 95% CI 0.17-1.51).
Matching score and quality score
Eight studies were attributed a matching score of 8 or greater and were included in this subgroup analysis [11, [13] [14] [15] 17, [19] [20] [21] . Nine studies were attributed a quality score of 8 or greater and were included in this analysis [11, [13] [14] [15] [17] [18] [19] [20] [21] . All studies with high matching score were also found to have high quality score and therefore subgroup analysis for matching and quality scores are considered together.
Myocardial infarction was again significantly lower in the OPCAB compared to the ONCAB group (2.51% vs. 4.9%; OR 0.54; 95% CI 0.33-0.89). Incidence of stroke was again significantly lower with OPCAB (0.6% vs. 2.64% ONCAB; OR 0.36; 95% CI 0.16-0.82). Similarly, the incidence of renal failure was again significantly lower with OPCAB (2.15% vs. 5.95% ONCAB; OR 0.40; 95% CI 0.24-0.68). Five studies [11, 14, [19] [20] [21] reported a significantly reduced incidence of low cardiac output states with OPCAB (0.48% vs. 4.35% ONCAB; OR 0.14; 95% CI 0.04-0.56). Five studies [11, 13, 14, 19, 20] reported a significantly reduced incidence of respiratory failure/ ARDS with OPCAB (1.67% vs. 3.86% ONCAB; OR 0.33; 95% CI 0.18-0.59). Four studies [14, 17, 20, 21] reported a significantly reduced incidence of atrial fibrillation with OPCAB (7.85% vs. 22.6% ONCAB; OR 0.33; 95% CI 0.16-0.70).
Comment
This meta-analysis demonstrates that OPCAB reduces the incidence of major adverse events in the peri-operative and short-term follow-up period. Significant reductions were observed in the rates of myocardial infarction, stroke, renal failure, low cardiac output state, respiratory failure and atrial fibrillation. These observed beneficial effects of OPCAB remained consistent in the subgroup analysis of large sample size, high matching score and high quality score studies.
Re-operative coronary artery surgery poses a great risk to an already high-risk, older patient cohort with potentially higher co-morbidity and end-organ disease. The challenging technical aspects of the operation itself; including sternal re-entry, epicardial adhesions, patent or diseased in-situ grafts, more advanced coronary and aortic disease burden and the sufficiency of myocardial protection are all the challenging technical aspects contributing to the highrisk nature of the operation. These complexities of reoperative coronary surgery have inevitably not permitted the inclusion of these patients in randomised trials. A very clear spectrum of difficulty is observed in different patients undergoing re-operative coronary artery surgery, providing a spectrum of challenges. Baseline co-morbidities, ventricular function and the quality of target coronary vessels are some of the factors affecting the decision to undertake OPCAB, the risk of conversion to ONCAB, the degree of target vessel revascularisation, the effect on target organ preservation and ultimately the outcome profile [6] . Alamanni The conduct of OPCAB, whilst in itself very challenging, prompting scepticism regarding surgeon experience and expertise, does provide very clear protection for the heart, the brain and other organs. Firstly, avoiding manipulation of the aorta and previous bypass grafts in OPCAB reduces the risk of coronary and cerebral embolisation. Secondly, providing sufficient myocardial protection in the setting of extensive coronary disease is challenging and often requires a retrograde approach. Utilisation of intra-coronary shunts in OPCAB reduce the ischaemic time and consequent myocardial stunning. Thirdly, the avoidance of extra-corporeal membrane circulation eliminates the systemic inflammatory response observed with CPB, protecting predominantly the lungs and the kidneys as well as all other organs. Finally, the elimination of the CPB-induced coagulopathy may decrease the need for transfusion and potentially reduce re-exploration for bleeding [6] . However, it is crucial to consider that, given the spectrum of difficulty observed with re-operative coronary surgery and the factors affecting the decision to undertake OPCAB, appropriate patient selection is of paramount importance, whereby OPCAB is not necessarily the most appropriate technique for all patients.
In a recent analysis of the Society of Thoracic Surgeons Adult Cardiac Surgery Database by Ghanta et al. [22] , outcomes of 72,431 patients undergoing isolated reoperative coronary artery bypass grafting were observed over the period 2000 to 2009. Risk-adjusted rates of stroke decreased from 1.9% in 2000 to 1.6% in 2009 (relative risk reduction −16.5%, p < 0.001); of renal failure decreased from 5.5% to 4.9% (−15.4%, p < 0.004); of prolonged ventilation increased from 11.6% to 15.3% (31.4%, p = 0.532); and of atrial fibrillation increased from 19.0% to 19.9% (4.8%, p = 0.532); amongst other outcome measures of morbidity observed. The OPCAB outcome measures of our study compare favourably with those of Ghanta and colleagues, the largest report to date analysing isolated reoperative CABG.
OPCAB has been demonstrated to reduce early mortality in re-operative CABG [6] . The aim of this study was to explore beyond these effects on mortality and attempt to ascertain whether OPCAB can reduce MACCE and other adverse outcomes in re-operative CABG by means of providing more superior organ protection. All of the studied outcome measures were demonstrated to be significantly reduced with OPCAB, emphasising the superior organ protection provided by the technique.
Limitations
The issue of surgeon experience and expertise with OPCAB surgery has been a source of much debate and criticism [2] . This challenging technique has a very pronounced learning curve and requires time and experience in order for the outcomes to be comparable. The same concept applies for re-operative surgery. Whilst not under the same degree of scepticism, owing to the lack of randomised trials, re-operation itself is an even bigger challenge, requiring particular experience and is more time consuming. In order to improve the validity and reliability of the results of this study, surgeon experience in both OPCAB and re-operative CABG will need to be accounted and adjusted for.
A further limitation of this study is the short follow-up period of analysis. We have demonstrated significant reduction in 30-day adverse outcomes using OPCAB, however in order to allow generalisation of these results regarding the outcome profile of OPCAB in re-operative CABG, mid-and long-term analysis of adverse outcomes are required.
A further limitation of this study which is required to be taken into account is that OPCAB is not necessarily the most appropriate technique for all patients undergoing re- 
Conclusions
Off-pump coronary artery bypass grafting reduces perioperative and short-term major adverse outcomes in patients undergoing re-operative coronary artery surgery. These outcomes include myocardial infarction, stroke, renal failure, low cardiac output state, respiratory failure and new-onset atrial fibrillation. Consequently we conclude that OPCAB provides superior organ protection and a safer outcome profile in re-operative CABG.
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